The efficiencies of the various methods used for phage concentration have been compared. The two-phase concentration method (with polyethylene glycol and dextran sulfate) gave maximal recoveries of infectivity for coliphages of the T-even and T-odd series and for ribonucleic acid phages and single-stranded deoxyribonucleic acid phages. Precipitation of phages by acid gave high yields when applied to T2 and T4 phages but not with T3 and T7 coliphages. Differential centrifugation was efficient when sedimented phages were gently dispersed before repeating the centrifugation cycle. The efficiencies of the various methods have also been confirmed by electron microscope studies, which also show that the two-phase concentration method gave rise to intact phages. Zone centrifugations in sucrose gradients (12.5 to 52.5 %) indicated that coliphages of the T-even series sediment faster than T-odd coliphages; they may thus be separated from each other and from empty ghosts by centrifugation at 100,000 x g for 40 min. Equilibrium centrifugation in preformed cesium chloride gradients was also useful for phage concentration and purification.
The efficiencies of the various methods used for phage concentration have been compared. The two-phase concentration method (with polyethylene glycol and dextran sulfate) gave maximal recoveries of infectivity for coliphages of the T-even and T-odd series and for ribonucleic acid phages and single-stranded deoxyribonucleic acid phages. Precipitation of phages by acid gave high yields when applied to T2 and T4 phages but not with T3 and T7 coliphages. Differential centrifugation was efficient when sedimented phages were gently dispersed before repeating the centrifugation cycle. The efficiencies of the various methods have also been confirmed by electron microscope studies, which also show that the two-phase concentration method gave rise to intact phages. Zone centrifugations in sucrose gradients (12.5 to 52.5 %) indicated that coliphages of the T-even series sediment faster than T-odd coliphages; they may thus be separated from each other and from empty ghosts by centrifugation at 100,000 x g for 40 min. Equilibrium centrifugation in preformed cesium chloride gradients was also useful for phage concentration and purification.
This study also deals with some optical properties of purified phages; optical cross sections and absorbance ratios (at 260 and 280 nm) of the various preparations are given.
For most purposes, it is desirable to use phage stocks which are free from bacteria, molds, and insoluble debris. Further, many experiments require the preparation of phages at large quantities and high titers. Earlier procedures for the purification and concentration of phage were based on centrifugation in a Sharples supercentrifuge (13) , concentration by removal of water in vacuo (1) , or by ultrafiltration through collodium membranes (14) . The concentration of phage by adsorption on diethylaminoethyl cellulose (33) or on hydroxyapatite (5, 18) has also been reported.
Until recently, differential centrifugation and acid precipitation (10) were used extensively for the purification and concentration of phage. During recent years, the newly developed twophase separation method provided a useful tool for the concentration of viruses. This procedure, first described by Albertsson (2) , is based on the observation that viruses tend to concentrate at the liquid-liquid interface in a system consisting of dextran sulfate and polyethylene glycol. The two-phase separation method with various modifications has been applied to coliphages of the T-even series (3, 6, 9, 19, 25) , lambda phage (27, 32) , filamentous deoxyribonucleic acid (DNA) phage fd, ribonucleic acid (RNA) phage R17 (32) , Q3 phage (8, 32) , and single-stranded ,X174 phage (22, 24) .
Phages concentrated by the above mentioned procedures can be further purified either by density gradient centrifugation in sucrose or by equilibrium centrifugation in preformed cesium chloride gradients. The latter method seems to be most useful as it leads to the purification of phage after relatively short centrifugation times.
In the present report, we compare the efficiency of the various procedures employed for the concentration of coliphages. It will be shown that the two-phase separation method seems to be the most efficient procedure for the concentration of phage from crude lysates. This study also deals with some optical properties of purified phages.
MATERIALS AND METHODS Materials. Polyethylene glycol 6000 and dextran sulfate were purchased from Pharmacia Fine Chemicals. Bacterial strains and phage stocks used were from the collection of this institute.
Preparation of phage lysates. Escherichia coli B was grown in M9 minimal medium (1) to a density of 5 X 108 cells/ml and infected with coliphages of the T-series at a multiplicity of 0.1 to 0.5. Lysates of OX174 were obtained by infecting exponentially growing E. coli C cells in TPA medium (15 Two-phase separation. Lysates were transferred into a conical separatory funnel which was placed in a cold room. After 12 to 24 hr, the chloroform layer and most of the bacterial debris were removed from the bottom of the funnel. Thereafter, the following chemicals were added to 2-liter quantities of phage lysates: 130 g of polyethylene glycol 6000, 4.0 g of pulverized dextran sulfate, and 35.0 g of sodium chloride. The separatory funnel was thoroughly shaken and placed in the cold for 12 to 18 hr. The heavy turbid bottom layer (of approximately 25 ml) was then collected in a 50 ml-centrifuge tube and centrifuged at 3,000 X g for 15 min. The resulting interface ("cake"), containing the phages, was then recovered after removing the clear bottom and top phases by means of a pipette. This interface, which remained in the tube, was then suspended in 20 ml, of borate buffer. To precipitate the dextran sulfate, 2.0 ml of 3 M potassium chloride was added, and the mixture was kept in the cold for 2 hr. The precipitate, containing dextran sulfate and residual bacterial debris, was finally removed by centrifugation at 3,000 X g for 10 min. Viruses in the supernatant fluid were further concentrated by centrifugation at 20,000 X g for 30 to 60 min and dialvzed against borate buffer if necessary.
Zone centrifugation in sucrose gradients. Portions (1 ml) of phage suspensions were layered on the top of a 30-ml sucrose gradient (12.5% in the top and 52.5% in the bottom) in 0.05 M tris(hydroxymethyl)-aminomethane-hydrochloride plus 0.01 M sodium phosphate buffer (pH 7.2) in 0.05 M sodium chloride. After centrifugation in a Spinco SW25 swinging bucket rotor for 40 min at 100,000 X g (Spinco model L ultracentrifuge), phages, concentrated at the visible band, were either withdrawn by means of a capillary pipette or collected after puncturing the bottom of the tube with a needle.
Equilibrium centrifugation in cesium chloride. This procedure, which is based on the technique of Thomas and Abelson (28) , involves the following steps. A volume of 1.3 ml of each of the three cesium chloride solutions (densities of 1.3 g/ml-0.45 g of CsCl plus 1.0 ml of water; density of 1.5 g/ml-0.830 g of CsCl plus 1.0 ml of water, and density of 1.7 g/ml-1.280 g of CsCl plus 1.0 ml of water) was pipetted sequentially with a capillary pipette into the bottom of a 5.0-ml cellulose nitrate centrifuge tube. Phage suspensions (up to 1.0 ml) were then layered on the top of the gradients, and tubes were centrifuged at 100,000 X g for 60 min in a Spinco SW39 swinging bucket rotor. During this time, a roughly linear gradient of cesium chloride was formed in the tubes. Phages were finally collected as above. The density of the cesium chloride solution can be determined by means of a pycnometer (31) or by reading the refractive index (29 (Table 1) that the two-phase separation method gave the highest recoveries and that the yield of T-coliphages ranged from 85 to 100%, whereas the RNA phage MS2 and the single-stranded tX174 phage gave recoveries of 36 and 6%, respectively. Acid precipitation, on the other hand, gave satisfactory results with T2 and T4 only, whereas T7 and T3 phages were inactivated at low pH values ( Table 1 ). The efficiency of differential centrifugation varied from one experiment to the other; recoveries were highest when sedimented phages were kept in borate buffer for several hours before repeating the sedimentation cycle. It appears that aggregated phage cosedimented with bacterial debris, thus reducing yields. In general, differential centrifugation gave recoveries below 50% (Table 1) .
Optical properties of phages. The purity of the phages in the various preparations was next determined by comparing their optical properties, such as optical cross section or absorbance ratio (A26o/A2so). The optical cross section of a VOL. 22, 1971 (Table 2 ). In all of these experiments, the optical cross sections for coliphages of the T-series were between 0.13 X 10-11 to 0.61 X 10-11 cm2/ PFU. Differential centrifugation, on the other hand, gave rise to phages of lower purity, as reflected by relatively high optical cross sections (Table 2 ). Acid precipitation gave poor results when applied to T3 or T7 coliphages. This is easily explained by the susceptibility of these phages to acid.
The cross section of the RNA phage MS2, concentrated by the two-phase method, was relatively low (0.03 x 10-11 cm2/PFU), unlike that of the single-stranded phage 4,X174 (Table 2 ).
Absorbance ratio. Contamination of phages either by foreign proteins or by DNA may easily be detected by determining their absorbance ratios at 260/280 nm. Pure phage give ratios of approximately 1.30, whereas pure DNA or phages disrupted by osmotic shock have an absorbance ratio of approximately 1.8 (4, 7, 17) . Phages purified by differential centrifugation gave absorbance ratios of approximately 1.30 (Table 3) . On the other hand, the absorbance ratios for T3 and T7 phages, after precipitation with acid, were somewhat lower (Table 3 ). This could be explained by the disruption of phages min in a preformed cesium chloride gradient, and the density of the phage-containing band was determined by means of a pycnometer.
their sedimentation properties. The sedimentation ratio (distance of sedimented particles from the top of the gradient, divided by the height of the gradient) for T-even phages was 0.48 to 0.5, whereas T3, T5, and T7 had ratios of 0.69 to 0.71. It should be noted that ghosts of T2 phages could be separated from intact phages by zone centrifugation; the former had a sedimentation ratio of 0.6. It thus appears that coliphages of the T-even series may be separated from either ghosts or phages of the T-odd series by zonal centrifugation under the above described conditions. Equilibrium centrifugation in cesium chloride. Equilibrium centrifugation in preformed CsCl gradients provides another useful method for the purification and concentration of phages. This method, too, could be used for the purification of phages from lysates or applied to phages concentrated by the above mentioned procedures. Because of differences in density, T5 coliphages were separated from T2 phages by equilibrium centrifugation (Fig. 2) . Bacterial debris, phage ghosts, and internal proteins were recovered from zones of different densities. Table 4 illustrates the results of some experiments and gives the buoyant densities of various phages, as determined by measuring the density of the CsCl solution in the corresponding phage-containing bands.
Ultraviolet spectra of purified phages. Data presented in Table 3 indicated that the purity of phages could be determined by measuring their absorbance ratio at 260 and 280 nm. Additional information for the absence of ultraviolet-absorbing impurities may be gained by recording the absorption spectra of the different phage preparations. Figure 3 shows that T2 and T5 phages, after sucrose gradient centrifugation, exhibited similar optical properties, with a maximal absorption peak at 260 nm. Electron microscopy. Electron microscopic studies were next undertaken to determine whether the different preparations contained with bacterial debris. Acid precipitation gave rise to relatively pure T2 phages (Fig. 4) Table 1 , which illustrated low recoveries of T7 and T3 phages after exposure to acid. Negative staining also demonstrated that approximately 50%7O of the T2 phages purified by differential centrifugation did not contain DNA and that the preparation was also contaminated with detached phage tails (Fig. 5) . As expected, the two-phase concentration method was fairly efficient. The mainly intact phages with only a few contaminating structural elements. It is of interest that the two-phase concentration method did not eliminate bacterial pili from a suspension containing RNA phages (Fig. 6, 7) . Banding of phages on preformed CsCI gradients gave satisfactory results, and almost all of the recovered T2 phages were intact (Fig. 8a) . The same was also true for T2, T3, and T5 phages purified by zone centrifugation in sucrose gradients (Fig. 8) . By this procedure, bacterial debris, empty ghosts, or fragmented phages were completely removed from the intact phages. series as well as to RNA and single-stranded DNA phages. Acid precipitation gave reasonable yields only for the concentration of T-even coliphages, whereas T3 and T7 phages were inactivated by the acid added. This was demonstrated by electron microscope studies, determination of optical cross sections, and absorbance ratios. Differential centrifugation should be carried out with great care, and sedimented phages should be gently dispersed, otherwise a considerable proportion of the sedimented phages may be lost because of aggregation. Electron microscopic studies indicated that even careful treatment and gentle dispersions of phages lead to considerable inactivation.
Data depicted in Table 2 suggest that the approximate number of phage particles in a suspension may be estimated by measuring their absorbance at 260 nm. In many cases, this simple procedure can replace the tedious titration, mainly when only a rough estimation of phage titers is required. In general, the values of optical cross sections of the various phages is in good agreement with the results obtained by other authors. Thus, the optical cross sections of T2 phages were shown to be 0.7 X 10-11 to 10-1" cm2/PFU (11, 16, 30) and those of T6 and T4 phage ot be 0.7 x 10-11 to 1.0 x 10-11 cm2/PFU (30) . Purified T3 phages had cross sections of 0.2 x 10-11 to 0.3 X 10-11 cm2/PFU (20) and T5 phages had cross sections of 0.3 X 10-11 to 0.6 x 10-1" (21, 30), compared to 0.2 x 10-11 to 0.6 X 10-11 cm2/PFU for T7 coliphages (7, 20, 21, 26) . The reported cross section of the RNA phage R17 was 0.06 X 10-11 (32) , and that of fd was 0.05 X 10-11 cm2/PFU (12) . On the other hand, the reported optical cross section of the singlestranded DNA phage 4X174 was 0.013 x 10-11 cm2/PFU (23).
Centrifugation experiments described in this paper permit the separation of T-even from T-odd coliphages. This finding is not surprising as these phages are known to differ in the mass of their nucleic acids. It is also understandable that empty phages (ghosts) differ in their sedimentation from intact phages. This too is easily explained by differences in masses. Centrifugation in preformed cesium chloride gradients also gave good separation between the various phages and permitted the determination of their buoyant densities after relatively short centrifugation times.
